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Abstract: A procedure to determine the chargino mixing angles and, subsequently, the fundamental 
SUSY parameters M2, fi and tan (3 by measurements of the total cross section and the spin correlations 
in e + e~ annihilation to xtxi chargino pairs is discussed. 



1. Introduction 

Despite the lack of direct experimental evidence 
for supersymmetry (SUSY), the concept of sym- 
metry between bosons and fermions Q has so 
many attractive features that the supersymmet- 
ric extension of the Standard Model is widely 
considered as a most natural scenario. SUSY en- 
sures the cancellation of quadratically divergent 
corrections from scalar and fermion loops and 
thus stabilizes the Higgs boson mass in the de- 
sired range of order 10 2 GeV, predicts the renor- 
malized electroweak mixing angle sin 2 Ow in strik- 
ing agreement with the measured value, and pro- 
vides the opportunity to generate the electroweak 
symmetry breaking radiatively. 

Supersymmetry predicts the quarks and lep- 
tons to have scalar partners, called squarks and 
sleptons, the gauge bosons to have fermionic part- 
ners, called gauginos. In the Minimal Supersym- 
mctric Standard Model (MSSM) g two Higgs 
doublets with opposite hypercharges, and with 
their superpartners: higgsinos, are required to 
give masses to the up and down type fermions 
and to ensure anomaly cancellation. The hig- 
gsinos and electroweak gauginos mix; the mass 
eigenstates are called charginos \-y 2 and neutrali- 
nos Xi 2 3 4 f° r electrically charged and neutral 
states, respectively. Actually in many supersym- 
metric models the lighter chargino states X\ are 
expected to be the lightest observable supersym- 
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metric particles and they may play an important 
role in the first direct experimental evidence for 
supersymmetry. 

The doubling of the spectrum of states in 
the MSSM together with our ignorance on the 
dynamics of the supersymmetry breaking mech- 
anisms gives rise to a large number of unknown 
parameters. Even with the i?-parity conserving 
and CP-invariant SUSY sector, which we will as- 
sume in what follows, in total more than 100 new 
parameters are introduced. This number of pa- 
rameters can be reduced by additional physical 
assumptions. In the literature several theoreti- 
cally motivated scenarios have been considered. 
The most radical reduction is achieved by embed- 
ding the low-energy supersymmetric theory into 
a grand unified (SUSY-GUT) framework called 
mSUGRA. The mSUGRA is fully specified at 
the GUT scale by a common gaugino mass mj^, 
a common scalar mass mo, a common trilinear 
scalar coupling Aq, the ratio tan/3 = vijv\ of 
the vev's of the two neutral Higgs fields, and the 
sign of the Higgs mass parameter \l. All the cou- 
plings, masses and mixings at the electroweak 
scale are then determined by the RGEs (3). It 
turns out, however, that the interpretation of ex- 
perimental data and derived limits on sparticle 
masses and their couplings strongly depends on 
the adopted scenario. Therefore it is important 
to develop strategies to measure all low-energy 
SUSY parameters independently of any theoret- 
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ical assumptions. The experimental program to 
search for and explore SUSY at present and fu- 
ture colliders should thus include the following 
points: 

(a) discover supersymmctric particles and mea- 
sure their quantum numbers to prove that 
they are superpartners of standard parti- 
cles, 

(b) determine the low-energy Lagrangian pa- 
rameters, 

(c) verify the relations among them in order to 
distinguish between various SUSY models. 

If SUSY is realized in Nature, it will be a matter 
of days for the future e + e~ linear colliders (LC) 
to discover the kinematically accessible super- 
symmetric particles. Once they are discovered, 
the priority will be to measure the low-energy 
SUSY parameters independently of theoretical 
prejudices and then check whether the correla- 
tions among parameters, if any, support a given 
theoretical framework |§, like SUSY-GUT rela- 
tions. Particularly in this respect the e + e~ lin- 
ear colliders are indispensable tools, as has been 
demonstrated in a number of dedicated work- 
shops Q. In my talk I will concentrate on the 
first phase of LC, i.e. when only a limited number 
of supersymmctric particles can kinematically be 
produced. In contrast to earlier analyses ||, [j, I 
will not elaborate on global chargino/neutralino 
fits but rather attempt to explore the event char- 
acteristics to isolate the chargino sector. The 
analysis will be based strictly on low-energy su- 
persymmetry. We will see that even if the light- 
est chargino states xt are, before the collider 
energy upgrade, the only supersymmetric states 
that can be explored experimentally in detail, 
some of the fundamental SUSY parameters can 
be reconstructed from the measurement of char- 
gino mass m-±, the total production cross sec- 
1 

tion and the chargino polarization in the final 
state. Beam polarization is helpful but not nec- 
essarily required. 

The results presented here have been obtained 
in collaboration with SY. Choi, A. Djouadi, H. 
Dreiner and P. Zerwas ||] . For an alternative way 
of determining the SUSY parameters from the 



measurement of (some) chargino and neutralino 
masses, see §. 

2. Chargino masses and couplings 

The superpartners of the W boson and charged 
Higgs boson, and H^, necessarily mix since 
the mass matrix (in the {IU _ , H~} basis) 0] 



M 2 VZrnwcp \ 
\f2mwSj3 [i J 



(2.1) 



is nondiagonal (cp — cos/3, sp = sin/3). It is ex- 
pressed in terms of the fundamental supersym- 
metric parameters: the gaugino mass the 
Higgs mass parameter fi, and tan/3. Two dif- 
ferent matrices acting on the left- and right- 
chiral (W,H) states are needed to diagonalize 



the asymmetric mass matrix (2.1). The (posi- 
tive) eigenvalues are given by 

m 2 ± =i[M 2 2 +^ 2 +2m 2 wT A] (2.2) 

where 

A= [(M 2 + ^ 2 + 2m 2 w ) 2 

-4(M 2 /i-m 2 1/ sin 2/3) 2 ] 1/2 (2.3) 

The left- and right-chiral components of the cor- 
responding chargino mass eigenstate X\ are re ~ 
lated to the wino and higgsino components in the 
following way 

Xir = cos (j) R + H^ R sin 4> R (2.4) 

with the rotation angles given by 

cos20 L = -(Mf - - 2m w cos 2/3)/ A 

cos 20,r = — (Mf - p? + 2m 2 w cos 2/3)/ A (2.5) 

As usual, we take tan/3 positive, M 2 positive and 
ji of either sign. 

The angles 4>l and 4>r determine the XX Z 
and the xve couplings: 



(Xil\ Z \Xil) 



As w cw 



(4«^-3-cos2fo) 



(Xir\ z \Xir) = ~ 4 SwCw ( As w ~ 3 _ cos2 ^fl) 



{Xi R \v\e LI 



Sw 



■ cos <p R 



(2.6) 
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where s 2 ^ = 1 — Cyy = sin 2 9w ■ The coupling 
to the higgsino component, being proportional 
to the electron mass, has been neglected in the 
sneutrino vertex. The photon-chargino vertex 
is diagonal, i.e. it is independent of the mixing 
angles: 

(XilM*il,r) = e (2.7) 

The chargino couplings, and therefore mixing an- 
gles, are physical observables and they can be 
measured. Their knowledge together with the 
measurement of the chargino masses is sufficient 
to determine the fundamental supersymmetric 
parameters M 2 , fi and tan/3. 

3. Chargino production and decay 

Charginos are produced in e + e~ collisions, either 
in diagonal or in mixed pairs. Here we will con- 
sider the diagonal pair production of the lightest 
chargino X\ m e + e~ collisions, 

e + e~ Xi" Xi (3-1) 

assuming the second chargino xf too heavy to 
be produced in the first phase of e + e~ linear col- 
liders. If the chargino production angle could be 
measured unambiguously on an event-by-event 
basis, the chargino couplings could be extracted 
directly from the angular dependence of the cross 
section. However, charginos are not stable. We 
will assume that they decay into the lightest neu- 
tralino x?j which is taken to be stable, and a pair 
of quarks and antiquarks or charged leptons and 
neutrinos. Since two neutral particles Xi escape 
undetected, it is not possible to reconstruct the 
events unambiguously. In particular the produc- 
tion angle O cannot be reconstructed for a given 
event. The distribution of observed final state 
quark jets or leptons is given by a convolution 
of the chargino production and decay processes. 
Therefore we will consider the production of po- 
larized charginos and their subsequent decays. It 
has to be stressed that the spin correlations be- 
tween production and decay have to be properly 
taken into account || . 

3.1 Polarized chargino production 

The process e + e~ — » XiXi is generated by the 
three mechanisms shown in Fig. 1: s-channel 7 



and Z exchanges, and t-channel v exchange. 
After a Fierz transformation of the z>-exchange 
term, the amplitude 

e 2 

T= — Q a ^[v{e + )j^P a u(e )] 
s 

x[u(x^)rP v(x+)} (3.2) 

can be expressed in terms of four bilinear charges, 
classified according to the chiralities of the asso- 
ciated lepton (a = L,R) and chargino {[3 = L, R) 
currents 

Qlp= 1 + a t Z 2 (2s^ - l)(4s 2 w - 3 - cos 2^) 
° s w c w 

+ s /3,Rj + cos20 fl ) 

Qr/3= 1 + ^(4^-3-008 2^) (3.3) 

The v exchange affects only the LR charge while 
all other charges are built up by 7 and Z ex- 
changes. Dc, denotes the sneutrino propagator 
P>v = s/(t — m 2 ), and Dz the Z propagator 
Dz = s/(s — m?j + imzTz). Above the Z pole 
the non-zero width can be neglected so that the 
charges are real. 

The Xi an d Xi helicities are in general not 
correlated due to the non-zero masses of the par- 
ticles; amplitudes with equal xt helicities vanish 
only oc m~± / ^fs for asymptotic energies. De- 
noting the electron helicity by the first index 
a and the x± an d Xi helicities by the remain- 
ing two indices A and A, the helicity amplitudes 
T(er; AA) = 2iraA a ..x\ can be expressed as func- 
tions of bilinear chirality charges 

A+,++ = -y/(3-f3+{Q RR + Q RL ) sine 
A+-+- = -(/3 + Q RR + /3_Q flX )(l + cos6) 
= +((3-Qrr + [3 + Qrl){1 - cos 6) 
A+:— = +^P-/3+(Q RR + Q RL ) sin e 




e + xt e+ xt e+ xt 



Figure 1: The three mechanisms contributing to the 
production of diagonal chargino pairs X\Xi * n s + e~ 
annihilation. 
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A-,++ = -y/0-0 + (Q LR + Qll) sinG 
A--+- = +(I3+Qlr + ^Qll)(1 - cosG) 
A--+ = -(/3-Q lr + 0+Qll){1 + cos 8) 
A--— = +VP-P+{Qlr + Qll) sin 9 (3.4) 

where (3± = 1 ± /?, and /3 = (1 - 4to 2 ± /s) 1 / 2 is 

Xi 

the Xi velocity in the cm. frame. 

The unpolarized differential cross section for 
e + e _ — > Xi^xT * s obtained by averaging/sum- 
ming over the electron/chargino helicities. It can 
be written as 

^ =fW + /3 2 cos^ 
d cos 9 2s 

+ (1 - /3 2 )Q 2 + 2(3 cos 9Q 3 } (3.5) 

where the quartic charges Qi are given in terms 
of bilinear charges as follows 

Qi = j(\Qrr\ 2 + \Qll\ 2 + \Qrl\ 2 + \Qlr\ 2 ) 
Q 2 = \MQrrQrl + QllQIr) (3.6) 

Q3 = \{\QRR\ 2 + \QLL? - \Qr L \ 2 ~ \Q L R.\ 2 ) 

The total production cross section as a func- 
tion of the cm. energy and the angular distribu- 
tion at -y/i = 500 GeV are shown in Fig. 2 for 
a representative set of (M2,/it) parameters; the 
sneutrino mass has been taken mi, = 200 GeV. 
The parameters are chosen in the higgsino region 
M2 ^> \fi\, the gaugino region M 2 <C \fi\ and in 
the mixed region M 2 ~ \p\ for tan/3 = 2 as (in 



GeV) 




1.0 



t 0.5 - 



V s=500 GeV 



150 300 450 600 
V s [GeV] 




-1.0 -0.5 0.0 0.5 1.0 

cos© 



Figure 2: Left panel: the total cross section as a 
function of the cm. energy. Right panel: the angular 
distribution as a function of the production angle for 
yfs = 500 Ge V. In both panels: mo = 200 Ge V, solid 
lines for the gaugino. dashed lines for the 



and dot-dashed lines for the mixed cases, see eq. 
[taken from Mj]. 



3.1 



gaugino: (M 2 ,fi) = (81, -215) 
higgsino : (M 2 ,m) = (215, -81) 
mixed: (M 2 ,fi) = (92, -93) 



(3.7) 



for which the light chargino mass m~± is approx- 

Xi 

imately 95 GeV. The sharp rise of the produc- 
tion cross section in Fig. 2 allows us to mea- 
sure the chargino mass m^± very precisely. As 
is well-known, the sneutrino exchange leads to 
a strong destructive interference for the gaug- 
ino and mixed regions, while the dependence of 
the cross section on decreases as the higgsino 
component of the chargino increases. Prior or si- 
multaneous determination of is therefore nec- 
essary to determine the other SUSY parameters. 

In general charginos are produced with non- 
zero polarization. The key point in our analysis 
in Sect. 4 will be to exploit the partial informa- 
tion on the chargino polarizations that can be 
obtained from the distribution of the chargino 
decay products. Therefore we define the \i po- 
larization vector V = (Vt,Vn,Vl) in the \\ 
rest frame. Vl denotes the component parallel to 
the \i flight direction in the cm. frame, Vt the 
transverse component in the production plane, 
and Vn the component normal to the production 
plane. The three components can be written in 
terms the helicity amplitudes as 



-|A.;-+| 2 - |Ar;— | 2 ) (3.8 
VT = TKT E MAa; ++ A: ; _ + +A a , — A: [ + _) 



(T=± 



Vn = ^77 E MA,;— A*. + _ - A„.,+ + Al._ + ) 



with the normalization 

^=iE(i^++i 2 + i^+-i 2 



CT=± 



-\Aa;-+\ 2 + \Ao 



(3.9) 



The normal component Vn can only be gener- 
ated by complex production amplitudes. Ne- 
glecting small higher order loop effects and the 
small Z-width effect, the normal Xi an d Xi po- 
larizations are zero since the XiXi7 an( A X1X1Z 
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Figure 3: Chargino decay mechanisms; the ex- 
change of the charged Higgs boson is neglected. 

vertices are real (even for non-zero phases in the 
chargino mass matrix) and the iz-exchange am- 
plitude is real too. The CP-violating phases will 
change the chargino mass and the mixing angles 
H [l3) but they do not induce complex charges in 
the production amplitudes of the diagonal char- 
gino pairs. 

3.2 Decay of polarized charginos 

We will assume that charginos decay into the 
lightest neutralino Xi and a pair of quarks and 
antiquarks or leptons and neutrinos: Xx ~ * Xi + 
//'. The decay can proceed via the exchange of 
the W, squarks or sleptons; the exchange of the 
charged Higgs bosons can be neglected for light 
fermions in the final state. The corresponding 
diagrams are shown in Fig. 3 for the decay into 
quark pairs. After a Fierz transformation of the 
g-exchange contributions, the decay amplitude 
Xi — > Xidu may be written as: 

x [u(x°MFlPl + F R P R )u(xT)](3.W) 

with 

F L = D W (2N 12 cos <f> L + V2N 13 sin <j> L ) 
+ D Sl cos (j> L {N 12 - 2Y q taii8 w N n ) 

Fr = D W (2N* 2 cos 4> R - V2N*i sin <j> R ) 

+ Du L cos <f> R (N? 2 + 2Y g t an ^wN^.U) 

where Y q — 1/6 is the quark hypercharge and 
D w = s' - m\j + im w T w , D^ t = t' - m| , 
Du L — u' — m\ L . Analogous expressions ap- 
ply to decays into lepton pairs with Yi = —1/2. 
The Mandelstam variables s' , t' , v! are defined 
in terms of the 4-momenta qo,q and q of Xj,e£ 
and u, respectively, as s' = (q + q) 2 7 t' = (q + 
q) 2 , v! = (qo + q) 2 , while Nij is the 4x4 ma- 
trix rotating the current neutralino eigenstates 



B, W 3 , Hi, to the mass eigenstates Xi, ••, xi- 
The neutralino mass matrix Mn is given by 

Mi — mzswcp mzswsp 

M 2 m z c w cp -m z c w sp 

—mzswcp mzcwcp — fi 

mzswsp —mzcwsp —/J, 

Besides the parameters Mi,[l and tan/3, which 
already appear in the chargino mass matrix, the 
only additional parameter in the neutralino mass 
matrix is Mi 1 . In general supersymmetric mod- 
els, however, the neutralino sector can poten- 
tially be more complex than in the MSSM with 
more additional parameters. 

In the chargino rest frame, the angular dis- 
tribution of the neutralino and the /1/2 system 
from the polarized chargino decay Xi ~ > Xi + 
/1/2 (summed over the final state polarizations) 
is determined by the energy and the polar an- 
gle of the neutralino (or equivalently of the /1/2 
system) with respect to the chargino polarization 
vector. Let us define 9* (6*) as the polar angle of 
the /i/ 2 (73/4) system in the xT ixf) res t frame 
with respect to the original flight direction in the 
laboratory frame, and <f>* (</>*) the corresponding 
azimuthal angle with respect to the production 
plane. Taking the Xi (xt) flight direction as 
quantization axis and for the kinematical config- 
uration defined above, the spin-density matrix 
Pw ~ T>\D* X , can conveniently be written in the 
following form 

_1/1 + kcos6»* Ksin0*e^* \ 
Pxx ' ~ 2 {nmnPe-**' 1-kcos0* J { > 

for the xr decay, and similarly for the Xi^ with 
barred quantities. 

The spin analysis-powers k and R, depend on 
the final ud or Iv pairs considered in the chargino 
decays. Since left- and right -chiral form factors 
Fl , Fr contribute at the same time, their values 
are determined by the masses and couplings of 
all the particles involved in the decay. Charac- 
teristic examples for k as a function of the in- 
variant mass of the fermion system are shown in 
Fig. 4; the squark masses are set to 300 GeV, 

GUT models with the unification of gaugino 
masses at a high scale, the Mi and M2 are related by 
Mi = § tan 2 W M 2 . 
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Figure 4: The polarization analysis-power k as a 
function of the hadron invariant mass \fs' for the 



same set of parameters as for the cross section (3.1) 



and the gaugino masses are assumed universal 
at the unification scale. For our purposes, how- 
ever, it will suffice that they are finite. Let us 
also note that neglecting effects from non-zero 
widths, loops and CP-noninvariant phases, n and 
R are real, and k = — R for charginos xf decaying 
to charge-conjugated final states. 

3.3 Physical observables 

Charginos decay fast and only correlated produc- 
tion and decay can be observed experimentally. 
The matrix element for the physical process 

e + e- - xixt - (X1/1/2XX1/3/4) (3.13) 



summed/averaged over the final/initial state po- 
larizations, is given by M. — ^2 l T a -\\P > \P > \- In- 
tegrating over the production angle 6 and also 
over the invariant masses of the fermionic sys- 
tems (/1/2) and (73/4), one can write the 4-fold 
differential cross section in the following form: 



d o~ 



dcos 9* 



"dcos 9* 



a 2 (3 

1247TS 



BBT, (3.14) 



where B = Br(xi ~ * X1/1/2) and B = Br(xt ~~ * 
X1/3/4). The scaled differential cross section £ = 
£(#*, 0*, §*, 4>*) is a product of the production 
helicity amplitudes A a .x\ and the spin density 
matrices for the chargino decays p\y 

S = E E E AnAX^v* P>*m> ( 3 - 15 ) 

AA A' A' " 



The quantity £ can be decomposed into six- 
teen independent angular parts 

£ = S un + cos9*kV + cos6*RV 
+ cos 9* cos 9* kRQ 
+ sin6»* sinfl* cos(0* + 4>*)nRy 
+ sin0* sin 9* sin(0* + 4>*)nRy 
+ sin 9* cos <fi* kU + sin 9* sin </>* kU 
+ sin 9* cos (f>* RV + sin 9* sin (j>* RV 
+ sin0* cos 9* (cos 4>*kRW + sin 4>*nRW) 
+ cos9* sin 9* (cos <j>* kRX + sin <f>* kRX) 
+ sin9* sin 9* (cos ((f)* — 4>*)kRZ 
+ sin0*sin0*(sin(<£* - 4>*)kRZ (3.16) 

where the sixteen coefficients are combinations 
of helicity amplitudes, corresponding to the un- 
polarized cross section (£ un ), 2x3 polarization 
components (V,U,V,P,U,V) and 3x3 spin-spin 
correlations (the remaining ones) multiplied by 
the spin-analysis power factors k and R. In the 
CP-invariant theory, and neglecting loops and 
the width of the -Z-boson for high energies, the 
six functions U, V, VV, X, y, Z can be discarded. 
Moreover, from CP-invariance 



(3.17) 



it follows that V = -V, U = -V and W = X. 
The overall topology is therefore determined by 
seven independent functions: £ un , V, Q, U, W, 
y and Z. 

The key point in our analysis is to exploit 
the partial information on the chargino polariza- 
tions with which they are produced. The x P°~ 
larization vectors and x~X spin-spin correlation 
tensors can be determined from the decay dis- 
tributions of the charginos independently of the 
chargino decay dynamics. 

The decay angles (6*,<f>*) and (9*,(j>*), which 
are used to measure the xt chiralities, can not 
be reconstructed completely since there are two 
invisible ncutralinos in the final state. However, 
the longitudinal components and the inner prod- 
uct of the transverse components can be recon- 
structed from the momenta measured in the lab- 
oratory frame 

cos9* = [E -jE*)/f3j\p*\ 



G 
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cos0* = {E- 1 E*)/f3 1 \p | 

sin 9* sin#* cos(0* + (j>*) = p- p/\p*\\p \ 

+ { 1 E - E*)hE - E*)//3 2 ^\f\\p\ (3.18) 

where 7 = J~s/2m~±. E(E) and E*(E*) are 
the energies of the two hadronic systems in the 
laboratory frame and in the rest frame of the 
charginos, respectively; p(p) and p*(p*) are the 
corresponding momenta; the angle between the 
vectors in the transverse plane is given by A(f>* = 
2ir— (<fi*+<j)*) for the reference frames defined ear- 
lier. 2 Therefore, by means of kinematical projec- 



tions the terms in the first three lines of eq.(3.16) 
can be extracted and three K-independent phys- 
ical observables, S u „, V 2 /Q and V 2 /y, construc- 
ted. They are unambiguously related to the prop- 
erties of the chargino sector, not affected by the 
neutralinos, since they are given in terms of the 
helicity production amplitudes as follows 

S un = Jd cos 6 Af 
V = i fdcosGA/'T'L 
Q = i/dcose^(|^ ;++ | 2 -|X ;+ _| 2 

-|X;- + | 2 + |A,;-| 2 ) 

y = i/dcosG Re(-4 CT; — ^. ++ )(3.19) 



mc, can be also extracted. The three quantities 

m-± and cos20£ r can be determined from the 

1 ' 
production cross section and the spin correlations 

as follows. 

The mass m^± can be measured very pre- 
cisely near the threshold where the production 
cross section er(e + e~ — > X1X1) rises sharply with 
the chargino velocity /3. Alternatively the masses 
of chargino and neutralino can be determined by 
fitting the energy spectra of the jet-jet final state 
systems |l2). For the analysis below we assume 
that the mass of the light chargino has been mea- 
sured and m -± — 95 GeV 
1 

Since the polarization V is odd under parity 
and charge-conjugation, it is necessary to iden- 
tify the chargino electric charges in this case. 
This can be accomplished by making use of the 
mixed leptonic and hadronic decays of the chargi- 
no pairs. On the other hand, the observables Q 
and y arc defined without charge identification 
so that the dominant hadronic decay modes of 
the charginos can be exploited. Suppose that the 
quantities a t , V 2 /Q and V 2 jy have been mea- 
sured and are taken to be 



xfxi ) = 



0.37 pb 



£>2 <p2 

-q = -0.24, - = -3.66 



(4.1) 



at ^/s = 500 GeV. These measurements can be 
interpreted as contour lines in the plane (cos 2</>l, 
cos 24>r) which intersect with large angles so that 
a high precision in the resolution can be achieved. 
A representative example for the determination 
of cos2(/>£ and cos 2^ based on the values in 
4. Extraction of SUSY parameters eq. (fO) is shown in Fig. 5. The three contour 



It is thus possible to study the chargino sec- 
tor in isolation by measuring the mass of the 
lightest chargino, the total production cross sec- 
tion and the spin(-spin) correlations. 



The pair production of the lightest chargino xt is 
characterized by the chargino mass w~± and the 
two mixing angles cos24>l^r. For simplicity we 
assume that the sneutrino mass ma is obtained 
from elsewhere, although combining the energy 
variation of the cross section with the measure- 
ment of the spin correlations, the sneutrino mass 



lines meet at a single point (cos 20^, cos 2(f) a) = 
(-0.58, -0.48) for mp = 250 GeV; note that the 
sneutrino mass can be determined together with 
the mixing angles from the "measured values" in 
eq. ©. 



2 Actually to determine the kinematical variables, 
cos 9* etc., the knowledge of m-o is also needed, which 
can be extracted from the energy distributions of final 
state particles, see later. However, it must be stressed 
that the above procedure does not depend on the details 
of decay dynamics nor on the structure of (potentially 
more complex) neutralino and sfermion sectors. 



Finally the Lagrangian parameters M2 , [i and 

tan/3 can be obtained from m~±, cos2d>L and 

1 . 

cos 2(f) ji up to a two- fold ambiguity. It is most 
transparently achieved by introducing the two 
auxiliary quantities 

p = cot(4> R - 4> L ), q = cot(<fo + 4> L ) (4.2) 

They are expressed in terms of the measured val- 
ues cos 2(fi l and cos 2(f>ji up to a discrete ambi- 
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cos2(|) L 



correlations among the chargino decay products 
(V 2 1 Q, V 2 /y), the physical parameters m~±, 
cos2</>£ and cos 2<f>R are determined unambigu- 
ously. Then the fundamental parameters tan/3, 
Mi and \x are extracted up to a two-fold discrete 
ambiguity. 

If the collider energy is sufficient to produce 
the two chargino states in pairs, the above ambi- 
guity can be removed jl3| by the measurement 
of the heavier chargino mass. With polarized 
beams available at the LC, the measurement of 
the left-right asymmetry Am can provide ]l3| an 
alternative way to extract the mixing angles (or 
serve as a consistency check). 



Figure 5: Contours for the "measured values" ( j^. i| j 
of the total cross section (solid line), "P 2 /Q (dashed 
line), andV 2 /y ( dot- dashed line) for m ± = 95 GeV 
[m D = 250 GeV]. 

guity due to undetermined signs of sin 2<f>L and 
sin 24> R 



P 



2 _ 2(shr 2ah L + shr 2cf) R ) 



pq 



p -q 



(cos20i — cos2</>#) 2 
cos20i + cos24>r 
cos20l — cos20_r 
4sin2</)L sin 2^ 
(cos20l — cos2</>_r) 2 



(4.3) 



Solving then eqs. ( |2.5| ) for tan /3 one finds at most 
two possible solutions, and using 

M 2 = m w [(p + q)sp - (p- q)cp]/V2 
M = mw[(p- q)sp - (p + q)cp]/V2 (4.4) 

we arrive at tan j3, M 2 and fi up to a two-fold dis- 
crete ambiguity. For example, taking the "mea- 
sured values" from eq. ( |4.1| ) , the following results 
are found M 

( [1.06; 83GeV, -59GeV] 
[tan/3; M 2 ,/A = I (4.5) 
[ [3.33; 248GeV, 123GeV] 

Other sets of "measured values" can lead to a 
unique solution if the other "possible solution" 
has a negative tan f3. 

To summarize, from the light chargino pair 
production, the measurements of the total pro- 
duction cross section and either of the angular 



5. Conclusions 

We have discussed how the parameters of the 
chargino system, the mass of the light chargino 
m~± and the two angles 4>l and 4>r, can be ex- 
tracted from pair production of the light chargino 
state in e + e~ annihilation. In addition to the to- 
tal production cross section, the measurements 
of angular correlations among the chargino de- 
cay products give rise to two independent ob- 
servables which can be measured directly despite 
of the two invisible ncutralinos in the final state. 

From the chargino mass m-± and the two 
mixing parameters cos20l.r, the fundamental 
supersymmetric parameters tan/3, M 2 and can 
be extracted up to at most a two-fold discrete 
ambiguity. Moreover, from the energy distribu- 
tion of the final particles in the decay of the 
chargino, the mass of the lightest neutralino can 
be measured; this allows us to determine the pa- 
rameter Mi so that also the neutralino mass ma- 
trix can be reconstructed in a model-independent 
way. 

Although we only considered real- valued pa- 
rameters, some of the material presented here 
goes through unaltered if phases are allowed ||, 
[l3[ even though extra information will still be 
needed to determine those phases. 

It should be stressed that the strategy pre- 
sented here is just at the theoretical level. More 
realistic simulations of the experimental measure- 
ments of physical observables and related errors, 
including radiative corrections, are needed to as- 
sess fully its usefulness. Nevertheless, if the LC 
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and detectors are built and work as expected, 


G. Moortgat-Pick and H. Fraas, 


Phys. Rev. D 


no doubt that the actual measurements will be 


59 (1999) 015016 


hep-ph/9708481 


I- 



better than anything presented here - provided 
supersymmetry is discovered! 
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